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Abstract 
The scallop genus Chesapecten, characterized by its strong ribbing and large size, 
originated in the early Miocene and was extinct by the late Pliocene. It was highly 
abundant in the mid Atlantic region of the U.S. and an important component of marine 
ecosystems. The genus is comprised of nine species and is widely thought to represent an 
example of gradual evolution. The limited geographic and stratigraphic ranges of each 
species make them important indicators for the Coastal Plain deposits in which they are 
found. However, because of high variability within species and hybridization between 
species, they can be difficult to identify based solely on morphology. 
This study quantitatively defined the species of Chesapecten through: (1) a 
morphological assessment of late Miocene and early Pliocene species, (2) an examination 
of genus-wide trends in morphology through time, and (3) a phylogeny of the genus. 
Specimens for the morphological assessment were collected from Cobham Wharf (Surry 
County, Virginia) and included all three species present at that location (C. 
middlesexensis, C. jeffersonius, C. madisonius), while those used for the phylogeny were 
obtained from the collections at the Virginia Museum of Natural History (Martinsville, 
Virginia) and included eight defined species. A portion of the cliff at Cobham Wharf was 
bulk-sampled at half-meter increments, yielding seven total samples with about 12 
specimens each. Approximately 96 museum specimens were selected for the analysis. 
Analyses involved collecting 10 morphologic landmarks defining shell shape 
from each field specimen and approximately 40 discrete and continuous characters 
describing shell shape and ornamentation from each museum specimen. Landmark data 
were Procrustes transformed to eliminate variation based on size, rotation, and location. 
From this, principal components analysis was used to produce a morphospace. 
 5 
Phylogenetic data were used to reconstruct a parsimony-based phylogeny and 
bootstrapping allowed us to assess overall robustness of tree topology. Morphological 
results indicate that some features display trends through time and can be used to 
distinguish species. Phylogenetic results produced an evolutionary sequence that differs 
from the stratigraphic sequence, suggesting a more complex explanation of the 
evolutionary history of Chesapecten than anagenesis.  
 
Introduction 
The scallop genus Chesapecten is locally highly abundant (Shapiro 1981) in mid-
Atlantic Miocene and Pliocene deposits and is an important stratigraphic indicator for 
units in this region (Ward and Blackwelder 1980). Its high abundance indicates that it 
was a major component of the marine ecosystem in which it lived, and it is thus 
important in paleoenvironmental studies of the mid-Atlantic Neogene.  
Ward and Blackwelder (1975) described species within the genus based on a 
series of morphological traits. Other studies (Shapiro 1981; Miyazaki and Mickevich 
1982; Kelley 1983) have more closely examined the morphology and phylogeny of the 
genus, but none have provided a complete quantitative analysis. Through this research, I 
seek to quantitatively assess the currently accepted species definitions and evolutionary 
relationships within this genus by asking the following questions:  
 
- What morphological traits can be used to distinguish Chesapecten 
middlesexensis and Chesapecten jeffersonius?   
- How does morphology of Chesapecten species change through time? 
 - What are the phylogenetic relationships among Chesapecten species? 
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 A quantitative understanding of both the morphology and phylogeny of 
Chesapecten is important to field-based studies of the mid-Atlantic stratigraphy. 
Chesapecten jeffersonius, in particular, is an index fossil for identifying the Sunken 
Meadow Member of the Yorktown Formation (Ward and Blackwelder 1980); however, 
especially when in the field, it is often difficult to differentiate it from C. middlesexensis. 
A more concrete morphospecies definition will aid in the identification of all species of 
Chesapecten. Additionally, the genus is widely accepted as an example of gradual 
microevolution (Prothero 2007); however, a well-crafted phylogeny does not yet exist. 
By generating one through quantitative methods, I aim to better explain the commonly 
accepted evolutionary patterns.    
 
Background 
Chesapecten 
 The genus Chesapecten is classified under the phylum Mollusca, class Bivalvia, 
order Pectinoida, family Pectinidae (Paleobiology Database 2011). It originated in the 
early Miocene and went extinct by the late Pliocene (Ward, pers. comm. 2010) and 
occurs predominately in the mid-Atlantic region of North America (figure 1).  
 
 
 7 
 
Figure 1: Geographic distribution of Chesapecten  
Chesapecten lived in the mid-Atlantic region of North America (Paleobiology Database, 
2011).  
 
Species of Chesapecten were a part of the benthic shallow marine community and 
were likely epifaunal suspension feeders (Paleobiology Database 2011). Some species 
had limited swimming capabilities, which was likely a function of adductor muscle 
location (Miyazaki 1978) as well as general shell size and shape (Shumway and Parsons 
2006). Variation in other shell features such as byssal notch, ornamentation, convexity, 
and the amount of space between each valve when closed also allowed for the evolution 
of free-swimming ability in some species (Stanley 1972).   
Chesapecten shells are fan-shaped with dorsal auricles and contain a variable 
number of ribs (figure 2). Individual size varies; across most species the average adult 
has a maximum length of approximately 10 cm, but in some species, the largest adults 
can be as small as 5 cm and as large as 16 cm. Juveniles are much smaller, with 
maximum lengths of less than 2-3 cm. Each individual has a left and right valve, which 
are distinguished by the location of the byssal notch and adductor muscle scar.  
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Figure 2: Shell morphology 
The image identifies anatomical features of Chesapecten.   
 
Ward and Blackwelder (1975) first described seven of the species of Chesapecten 
and distinguished them from other scallops based predominantly on their large size, 
strong ribbing, and scaly ornamentation. The total number of species in the genus is 
uncertain, as there is debate over the existence of intermediate morphs and location-
specific varieties that are based on only a few specimens. This study focuses on the eight 
species that can easily be collected in reasonably sized samples.  
 Stratigraphically, Chesapecten occur in formations within the Chesapeake Group 
(figure 3). Because, with few exceptions, each species neatly coincides with a particular 
formation or member, this stratigraphic sequence is considered to represent the gradual 
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microevolution of the genus (Prothero 2007). Exceptions to the one species per 
stratigraphic layer pattern are that C. nefrens is in two units and that C. madisonius and 
C. middlesexensis are in the same unit. Miyazaki (1978) described how the evolution of 
Chesapecten relates to changes in ontogenetic development in the form of paramorphosis, 
in which the adults of ancestral species resemble only the juveniles of derived species and 
adults of derived species are more developed.  
 The extinction of Chesapecten coincides with the Pliocene-Pleistocene extinction, 
during which there was an overall loss in diversity of Pectinidae (Smith and Jackson 
2009). This extinction has been linked to changes in oceanographic conditions that 
resulted from the formation of the Isthmus of Panama and the subsequent separation of 
the Atlantic and Pacific oceans (Stanley 1986).  
 
 10 
 
Figure 3: Stratigraphic sequence of Chesapecten 
Species are stratigraphically correlated with the formations of the Chesapeake Group. 
Except for C. nefrens, which is in two units and C. madisonius and C. septenarius,  which 
are in the same unit, there is a one-to-one relationship between species and stratigraphic 
units. Images representing each species highlight subtle changes in morphological 
features, such as overall shape and rib number, that occurred within the genus from the 
middle Miocene to lower Pliocene. This sequence represents about 30 million years of 
time (modified from Ward & Blackwelder 1975; Ward 1992; Johnson et al. 2001).  
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Geologic setting 
 All species of Chesapecten are found in the Calvert, Choptank, St. Mary’s, 
Eastover, and Yorktown Formations of the Chesapeake Group (Ward 1992). These 
formations, which contain shelly sands and clays, range in age from lower Miocene to 
upper Pliocene and are geographically located in Maryland and Virginia (Ward 2008). 
Each formation represents a transgressive sequence of Coastal Plain sediments. Each 
sedimentary unit was deposited during a sea level high stand, and there are 
unconformities between each unit that represent times of sea level low stands. The 
depositional environment was a shallow marine, near-shore environment. The presence of 
glauconite suggests open ocean conditions.  
 
Methods 
Field sample collection   
Samples were collected from an outcrop exposed along the cliffs at Cobham 
Wharf, located along the James River in Surry County, Virginia (figure 4). The sampling 
location was chosen based on accessibility and completeness of the stratigraphic section. 
The portion of the cliff that was selected contained a full exposure of the Eastover 
Formation and both the Sunken Meadow and Rushmere Members of the Yorktown 
Formation. Seven bulk samples were collected up the face of the chosen section of cliff at 
intervals of 0.5 meters (figure 5).  
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Figure 4: Map of Cobham Wharf 
Field samples were collected from the cliffs at Cobham Wharf, which  
is located along the James River in Surry County, Virginia.  
 
 
 
Figure 5: Location of field samples 
Samples were collected at 0.5 m increments from all visible formations. The boundary 
between the Eastover and Yorktown Formations lies between samples 2 and 3. The 
boundary between the Sunken Meadow and Rushmere Members of the Yorktown falls 
between samples 6 and 7.  Both of these boundaries are erosive unconformities. Only 
samples 1-6 were included in the analysis.  
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Each sample included Chesapecten and associated sediment. Dimensions of the 
bulk sample varied in order to obtain approximately 12 specimens where possible. For 
sample locations higher up the cliff, it was physically difficult to remove complete 
specimens and transport them down the cliff intact, so some contain fewer than 12 
specimens. Large individuals, those greater than 5 centimeters, were preferentially 
selected to minimize ontogenetic variation. Sediment in each sample varied slightly but 
on average was medium to fine grained sub-angular sand composed of greater than 90% 
quartz and a small percentage of glauconite. All samples were highly fossiliferous. 
Complete sedimentological descriptions of each sample can be found in Appendix A. The 
Rushmere Member was slightly cemented, making sample collection very difficult. In the 
process of specimen preparation, sample 7, the only sample from the Rushmere Member, 
was removed from the study because it was impossible to remove the cemented sediment 
from the specimens.  
 
Landmark collection 
Landmark coordinates were collected from photographs of right and left valves of 
Chesapecten specimens collected in the field. Photographs were taken of the internal 
features of the shells with each individual arranged in the same orientation in order to 
minimize variability of landmark location among individuals. Additionally, the effect of 
ontogenetic changes on morphology was minimized through the exclusion of juvenile 
individuals from the study. Miyazaki (1978) considered juveniles to be individuals that 
measure less than about 3 centimeters in height. However, since bivalves exhibit 
indeterminate growth, it is difficult to concretely differentiate juveniles from adults, so in 
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order to further eliminate any ontogenetic variation, the largest individuals possible were 
selected and individuals smaller than 5 centimeters were not photographed.  
Landmark data points were collected using tpsDIG software, which created a 
digital point at the location of 10 homologous and pseudo-homologous landmarks (figure 
6). Homologous landmarks, such as those that define the auricle region, were preferred 
because the location is a consistently identifiable point on all individuals. However, since 
the commissure of the shell does not include homologous landmarks, pseudo-
homologous landmarks were used to define the maximum height and length. The 
maximum height was defined by points through which a line can be connected that is 
perpendicular to the hinge and bisects the shell. The maximum length was defined as the 
most anterior and most posterior points through which a line parallel to the hinge can 
pass. In order to account for poor preservation of many of the shells, for every specimen, 
each landmark was assigned a confidence ranking based on completeness of the shell 
outline. Confidence varied from high, medium, and low depending on the amount of shell 
material present and the predictability of shell outline. Landmarks with low confidence 
that could be identified as outliers to the data set were removed.  
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Figure 6: Landmark locations 
Points indicate the location of 10 landmarks. Landmarks 1-3 are pseudo-homologous, and 
landmarks 4-10 are homologous.  
 
 
A morphopace was created using the PAST software. Landmark coordinate data 
were imported to PAST and converted using a Procrustes transformation to eliminate 
variation based on size, orientation, and rotation. The Procrustes-transformed data were 
analyzed using principal components analysis, which simplifies the x and y coordinates 
for 10 landmarks into principal components that are ranked according to the extent to 
which they explain variation within the morphospace. Principal components 1 and 2, 
which explained almost 50% of the variation were graphed against each other to create 
the morphospace. 
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Museum sample collection 
Samples from eight species of Chesapecten (C. coccymelus, C. nefrens, C. 
santamaria, C. littlecovepointensis, C. middlesexensis, C. jeffersonius, C. madisonius, 
and C. septenarius) were collected from the Virginia Museum of Natural History in 
Martinsville, Virginia. Specimens for each species were collected from both the type 
locality and a second locality, where available. When possible, six specimens were 
chosen, three right and three left valves, for each location. Large specimens, those greater 
than 5 centimeters, were preferentially selected to minimize ontogenetic variation.  
 
Character state collection 
 Approximately 40 unordered characters, both discrete and continuous, were 
measured from right and left valves of museum specimens (Appendix B). These were 
developed from characters used in the literature (Ward and Blackwelder 1975; Miyazaki 
and Mickevich 1980; Smith 1991) to define species of Chesapecten and differentiate 
them from other scallops. These characters were imported into the TNT software in order 
to construct a phylogeny based on the most parsimonious arrangement. C. coccymelus 
was used as an outgroup since it is the earliest occurring species of those studied.  
 
Results and Interpretation 
Analysis of differences between C. middlesexensis and C. jeffersonius 
 
In order to identify the extent to which the landmark coordinates can differentiate 
field specimens of C. middlesexens and C. jeffersonius, data were analyzed using 
principal components analysis and generating a morphospace.  Results of the principal 
components analysis indicated that principal components 1 and 2 explain 48.022% of all 
variation in the samples (tables 1 and 2). Loadings for each of these principal components 
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indicate that most of the variation is due to landmarks 7, 8 and 3, which represent the 
shape of the byssal notch, anterior auricle, and anterior point of the maximum length 
(figures 7 and 8). Landmarks with higher loadings have a higher correlation between the 
x or y coordinate and the principal component in question. If the loading value is positive 
then the correlation between that coordinate and the principal component is positive, and 
if the loading is negative the correlation is also negative. The morphospace (figure 10) 
was created based on values for principal components 1 and 2. 
 
PC Eigenvalue % Variance 
1 0.0016643 29.021 
2 0.00108968 19.001 
3 0.000887645 15.478 
4 0.00060434 10.538 
5 0.000443957 7.7413 
6 0.00030115 5.2512 
7 0.000253456 4.4195 
8 0.000137713 2.4013 
9 0.000103597 1.8064 
10 9.59E-05 1.6717 
11 6.19E-05 1.08 
12 3.73E-05 0.6499 
13 2.37E-05 0.41412 
14 1.58E-05 0.27632 
15 8.15E-06 0.14211 
16 5.23E-06 0.091135 
17 1.00E-06 0.017462 
18 5.40E-16 9.42E-12 
19 4.09E-16 7.13E-12 
20 2.30E-16 4.01E-12 
Table 1: Eigenvalues for principal component analysis 
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Figure 7: Principal component 1 loading values 
Landmark 7y is responsible for the majority of the variation in principal component 1. 
Since the loading value for this coordinate is positive, it increases as principal component 
1 increases.  
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Figure 8: Principal component 2 loading values 
Most of the variation in principal component 2 is the result of landmarks 3x and 8y. Both 
of these coordinates have positive loading values so they have a direct relationship with 
the value of principal component 2.  
 
From the loading analysis, it is possible to understand how landmark coordinates 
shift with an increase or decrease in principal component values (figure 9). For example, 
landmark 7y, which has a positive loading value, increases as principal component 1 
increases. This means that the coordinate point will move up along the y-axis. In contrast, 
since landmark 7x has a negative loading, it will decrease with an increase in principal 
component 1, so the coordinate will move to the left along the x-axis.  
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Figure 9: Relationship between principal component values and morphology 
As principal components 1 (A) and 2 (B) increase, the morphology of Chesapecten shells 
changes based on loading values for each landmark coordinate. Red dots represent the ten 
landmark locations and the arrows indicate direction of principal component value 
increase. Coordinates with positive loading values increase along the x- or y-axis, while 
those with negative loading values decrease along the x- or y-axis.  
 
 
There is significant overlap between where each of the samples plots in 
morphological space (figure 10), suggesting that variation within samples is similar in 
magnitude to variation between samples. This overlap is especially prevalent in figure 11 
where points on the morphospace are shaded based on expected species. When 
examining the morphospace based on the accepted species definitions, it is easy to see 
that variation within C. middlesexensis and C. jeffersonius is great and that the distinction 
between the two species is not clear. This means that field specimens of these two species 
A B 
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cannot be distinguished based on morphological shape alone. There are, however, regions 
of the morphospace that are not occupied by certain samples, which indicates some 
distinction between samples despite the overall lack of distinction between species. This 
could be due to environmental differences or hybridization of species. 
 
 
Figure 10: Morphospace categorized by sample 
Principal components 1 and 2 are graphed against each other to generate a morphospace. 
Each point represents an individual specimen and points are graded according to the six 
samples.  
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Figure 11: Morphospace categorized by species 
Same morphospace as figure 10, but each point, which represents an individual specimen 
is coded based on expected species. There is significant overlap between the two species.  
 
 
Differences between samples are reflected in the significant difference (as 
determined by an ANOVA with Tukey test) between the means of the principal 
component 1 values (F5 = 2.339, p = 0.05) for samples 1 and 3 (Tukey test, p = 0.028) 
and the means of principal component 2 values (F5 = 4.096, p = 0.002) for samples 1 and 
3 (Tukey test, p = 0.025) and samples 3 and 6 (Tukey test, p = 0.006). The statistical 
difference between samples 1 and 3 reflects a morphological decrease in the size of the 
byssal notch and distance of the maximum height from the hinge and an increase in 
anterior auricle size, while the difference between samples 3 and 6 indicates a 
morphological decrease in anterior auricle size and an increase in the distance between 
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the hinge and the maximum length. These are the only samples between which there is a 
significant difference (tables 2 and 3). These differences while not significant enough to 
distinguish C. middlesexensis and C. jeffersonius as separate species are likely important 
to the variation of the genus as a whole.  
 
 2 3 4 5 6 
1 0.907 0.028 0.333 0.398 0.664 
2  0.320 0.843 0.943 0.998 
3   0.999 0.897 0.501 
4    0.998 0.947 
5     0.994 
Table 2: Tukey test results for principal component 1 values   
P values for comparison between means of principal component 1 values for each 
sample. Highlighted values are those for which the comparison is significant.  
 
 
 
 2 3 4 5 6 
1 0.196 0.025 0.962 0.264 1.000 
2  0.987 0.858 1.000 0.095 
3   0.500 0.961 0.006 
4    0.911 0.923 
5     0.141 
Table 3: Tukey test results for principal component 2 values   
P values for comparison between means of principal component 2 values for each 
sample. Highlighted values are those for which the comparison is significant.  
 
 
The differences between samples 1 and 3 and 3 and 6, as well as the lack of 
differences between all other samples, are best visualized when principal components 1 
and 2 are represented graphically through time (figures 12 and 13). Despite the 
previously mentioned differences, the majority of the samples are not significantly 
different from each other, as illustrated by the large overlap in error bars. This further 
emphasizes the overall trend of equivalent within-species variation and between-species 
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variation, which suggests that C. middlesexensis and C. jeffersonius cannot be 
differentiated based on landmarks. Thus, field identification must rely on other 
characters.  
 
 
Figure 12: Change in principal component 1 through time  
Means are graphed with 95% confidence interval error bars. The overlap of error bars of 
most samples indicates that variation between most samples is not significant. The only 
significant difference exists between samples 1 and 3 (F5 = 2.339, p = 0.05; Tukey test, p 
= 0.028). A line representing the unconformable contact between the Eastover and 
Yorktown Formations divides the graph into samples that are commonly accepted as C. 
middlesexensis and samples that are commonly accepted as C. jeffersonius. 
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Figure 13: Principal components through time 
Means are graphed with 95% confidence interval error bars. There is less overlap 
between samples than there is with principal component 1 values, but the only differences 
that are significant are between samples 1 and 3 (F5 = 4.096, p = 0.002; Tukey test, p = 
0.025) and samples 3 and 6 (F5 = 4.096, p = 0.002; Tukey test, p=0.006). A line 
representing the unconformable contact between the Eastover and Yorktown Formations 
divides the graph into samples that are commonly accepted as C. middlesexensis and 
samples that are commonly accepted as C. jeffersonius. 
 
 
 
 The significant difference between samples 1 and 3 likely indicates a difference 
between C. middlesexensis and C. jeffersonius, but sample 2 is not significantly different 
from either sample 1 and 3, even though its stratigraphic distribution indicates that it 
should be a different species from sample 3. This suggests that the two species, as they 
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currently are defined are not different from each other based on these landmarks. If they 
were different, then samples 2 and 3, between which lies the boundary between the 
Eastover and Yorktown Formations, would have statistically significant differences in 
principal component values. Or if the evolution of the species were truly gradualistic, 
then, if samples 2 and 3 were not different, differences between sample 2 and other 
species would increase with sample size such that 2 and 4 are more different that 2 and 3, 
and so on. However, these results do not indicate any significant difference between 
sample 2 and any other sample. Instead, data suggests that evolution of Chesapecten 
through time appears not consistent with the gradualistic mechanism that is based 
stratigraphy and that species might not be well defined.  
It is additionally important to note that C. jeffersonius represents a peak and 
trough in principal component values. For principal component 1, for example, values 
increase for samples 1-3 and then decrease for samples 4-6. The opposite occurs, but not 
as strongly in principal component 2, which decreases during the first half of the samples 
and increases overall in the second half. This suggests that these may be morphological 
features of C. jeffersonius that differentiates it from C. middlesexensis and C. madisonius. 
Also it is likely that gradual change is occurring in principal component 1, which is based 
primarily on variation of the byssal notch. This means that the size of the byssal notch is 
gradually decreasing over time. 
 
Morphology through time 
 
Discrete and continuous character data were used to assess changes in 
morphology of eight species of Chesapecten through time in order to identify any genus-
wide trends. These data are depicted in figures 14-18. Characters represented are those 
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that are typically used to distinguish species. For each species, the means and standard 
errors of the character values were graphed against stratigraphic time in order to identify 
genus-wide trends in morphology. Results of most characters indicate little to no general 
trend across the majority of species, with only an individual species differing from the 
rest of the genus.  
Byssal notch size is quantified as a ratio relative to the total anterior auricle 
length. This provides a measure of the extent to which the byssal notch extends into the 
anterior auricle and standardizes this measurement relative to size of the individual. C. 
coccymelus and C. nefrens have the largest byssal notch out of all species and C. 
jeffersonius has the smallest byssal notch. There is a significant overall decrease in byssal 
notch size over time (KW7 = 34.733, p<0.001). This suggests that size of the byssal notch 
maybe an important feature in species identification and understanding genus-wide 
evolution, and is corroborated with field specimen results, which highlight the 
importance of the byssal notch in contributing to variation between species. Miyazaki 
(1978) also observed this decrease in byssal notch. 
The byssal notch, which facilitates the attachment of byssal fibers to sediment, 
has been correlated with life history (Stanley 1972). Stanley (1972) identified two 
different life histories for scallops: life-long byssal attachment and attached juveniles that 
develop free-swimming abilities as adults. The evolution of free-swimming behavior in 
Pectinidae directly correlates with the decrease in byssal notch, a feature that is important 
for stabilization when attached, but which hinders swimming ability in unattached 
individuals. This family-wide evolutionary pattern is evident at the genus level in 
Chesapecten, although free-swimming traits developed at the family level during the 
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Paleozoic. The high abundance of the younger species of Chesapecten coincides with an 
increase in abundance of Argopecten, which displays a similar life habit, in California 
(Smith and Jackson 2009). Perhaps there were environmental conditions selecting for an 
attached and free-swimming life history. It is important to note that Argopecten diversity 
significantly declined during the late Pliocene, which is the same time that Chesapecten 
went extinct (Smith and Jackson 2009).  
 
Figure 14: Size of byssal notch through time 
Points were generated for the mean and standard error of the values for each species. 
Byssal notch length was divided by anterior auricle length to standardize for the size of 
individuals. Average size of the byssal notch significantly decreases in the genus over 
time (KW7 = 34.733, p<0.001). 
 
 
Shape was quantified using a ratio of the maximum height to maximum length, 
which determined whether individuals were longer than they were tall and vice versa, 
while also standardizing for size. Adult Chesapecten have been defined as having a 
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greater length than height (Ward and Blackwelder 1975). Results indicate that this is true 
for all species except C. coccymelus, which is the only species with a mean ratio greater 
than 1. This ratio is significantly greater than that of all other species, while the ratio of 
C. nefrens is significantly less than that of all other species. The younger species have 
relatively consistent ratios, with a slight decrease at C. middlesexensis and C. 
jeffersonius. This character is consistent with the genus description in the literature, but 
C. coccymelus is an obvious outlier. There is a significant difference between C. 
coccymelus and the other species (KW7 = 21.684, p = 0.003), which is fairly obvious 
from visual observation of the specimens.  
 
Figure 15: Shell shape through time 
Points were generated for the mean and standard error of the values for each species. A 
ratio less than 1 indicates that individuals are longer than they are tall. Ratios are 
relatively consistent across the genus, with a few exceptions, but there are some 
significant differences (KW7 = 21.684, p = 0.003). 
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 In order to standardize size for a cross-genus comparison, the geometric mean 
was calculated from the measured height and length of each individual. Variability in this 
trait is quite large with standard error for most species at about ± 5 millimeters (figure 
16). C. coccymelus is much smaller than all other species, and C. nefrens and C. 
jeffersonius are slightly larger. This further highlights the significance of the difference 
between C. coccymelus and the rest of the genus (KW7 = 36.084, p<0.001), as specimens 
used in this analysis were some of the largest known from this species (Ward, pers. 
comm. 2010). The largest species is C. jeffersonius, which occurs as a peak at the end of 
a period of increasing size. Species younger than C. jeffersonius are much smaller. A 
possible explanation for the peak in size at C. jeffersonius is increased nutrient 
availability. The amount of available nutrients is very important to modern scallops, as 
growth rates can range from 0.3 mm/week when water temperatures are warmer to 1.5 
mm/week during periods of cold upwelling (Shumway and Parsons 2006). It is likely that 
changes in the size of Chesapecten are related to changes in environmental conditions 
such as nutrient supply. There is evidence of increased cold-water upwelling during the 
early Pliocene (Stanley 1986). Increased upwelling would have increased the nutrient 
supply and could have resulted in an increase in Chesapecten size.  
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Figure 16: Shell size through time 
Points were generated for the mean and standard error of the values for each species. C. 
coccymelus is much smaller than all other species, while C. nefrens and C. jeffersonius 
are much larger. There is a general increase in size over time until a peak at C. 
jeffersonius, after which size decreases (KW7 = 36.084, p<0.001). 
 
 
Rib count is very consistent within species, as evident by the reduced error bars 
(figure 17), but there are significant differences between some species (KW7 = 63.379, 
p<0.001). This trait is very similar (at about 14-15 ribs) for all species except C. 
jeffersonius and C. septenarius, which have significantly fewer ribs (about 8), and C. 
coccymelus, which has significantly more ribs (about 16). C. santamaria has slightly 
fewer ribs than some other species (about 13-14), but this difference is not consistently 
significant. The similarity between rib count for most species suggests that, with the 
exception of distinguishing C. jeffersonius and C. septenarius from the rest of the genus, 
it is probably not a good character to use in order to differentiate species. For example, 
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rib count can be used to distinguish between C. middlesexensis and C. jeffersonius but it 
cannot distinguish between C. middlesexensis and C. madisonius. Based on the highly 
significant difference of the rib counts of C. jeffersonius and C. septenarius in this study 
and the fact that both have almost the same average rib count suggests that these two 
species might be closely related since rib size has a strong genetic basis (Wilbur and 
Gaffney 1997).  
The measured values presented in this study differ from those reported by Ward 
and Blackwelder (1975), which suggest more variation within species based on a similar 
sample size. This additional variation further complicates the use of rib count as a species 
identifier for the genus, as it creates the possibility that rib counts of C. jeffersonius 
overlap with other species, particularly C. middlesexensis and thus cannot be used as a 
consistent identifying trait.  
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Figure 17: Rib count through time 
Points were generated for the mean and standard error of the values for each species. The 
rib counts of C. jeffersonius and C. septenarius are significantly less than that for all 
other species (KW7 = 63.379, p<0.001).  
 
 
 Rib cross-sectional shape is a highly variable trait, as indicated by the large error 
bars, although it is possible that much of this variation is due to inherent variability in the 
method of identifying discrete variables. The majority of the species have ribs that are 
more rounded than they are square, with C. coccymelus, C. middlesexensis and C. 
septenarius as notable exceptions. Based on these data, both C. coccymelus and C. 
septenarius can be classified as having mostly square ribs, while C. middlesexensis 
should be considered to have intermediate shaped ribs. Among the species with round 
ribs, there is a slight increase in roundedness over time. The ribs of C. septenarius are 
significantly squarer than most other species (KW7 = 28.036, p<0.001). 
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Figure 18: Rib cross-sectional shape through time 
Points were generated from the mean and standard error of the values for each species. 
Most species have rounded ribs, although high variability in the trait makes definite 
results difficult to determine. However, it is clear that the ribs of C. septenarius are much 
more square than those of all other species (KW7 = 28.036, p<0.001). 
 
 
Phylogenetic relationships 
 
 A phylogeny was created to examine the evolutionary relationships among 
species of Chesapecten. In creating a phylogeny, C. coccymelus was designated as the 
outgroup. With this designation, a parsimony-based analysis of the 39 unordered discrete 
and continuous measured characters produced a single most parsimonious tree (figure 19) 
with a length of 8.617. The tree was fully resolved with a total fit of 37.19 and adjusted 
homoplasy of 0.81. Based on this evolutionary sequence, C. jeffersonius and C. 
septenarius are the most closely related species. These results are different from what 
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would be expected given the accepted stratigraphic sequence and assumed anagenetic 
relationship in which each species becomes extinct after evolving into its descendent.  
Tree length is based on the length of each of the branches, which is a factor of the 
number of state changes that occur along the branch. Branch lengths are depicted in 
figure 20, with longer branches indicating more state changes along the branch. C. 
nefrens and C. jeffersonius have the longest branches at 0.721 an 0.811, which suggests 
that they have a high number of autapomorphies and thus have a lot of characters that 
make them unique from other species. As the most unique species, C. nefrens and C. 
jeffersonius have a lot of characters that can distinguish them from the rest of the genus. 
In contrast, there is a very short branch length (0.000) at the node between C. santamaria 
and C. coccymelus, which means that there are not many characters that differentiate the 
two. This lack of synapomorphies suggests that C. santamaria exhibits an ancestral 
morphology despite being located stratigraphically in the middle of the sequence. A list 
of synapomorphies that support each node and the autapomorphies that support each 
species is included in Appendix D.  
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Figure 19: Phylogeny 
C. coccymelus was designated as the outgroup, generating a single most parsimonious 
tree. The evolutionary relationships present in the tree differ from those suggested by the 
accepted stratigraphy. C. jeffersonius and C. septenarius are the most closely related 
species.  
 
 
 
Figure 20: Branch lengths 
Numbers indicate the length of each branch. C. jeffersonius and C. nefrens have the 
longest branches and are thus more distinct from other species.  
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Random sampling of the tree using bootstrapping indicates that all but two nodes 
are well supported (figure 21A). The two nodes that are not well supported are the ones 
between C. littlecovepointensis and C. nefrens and between C. jeffersonius and C. 
septenarius. These nodes can be collapsed to create polychotomies, which are nodes from 
which there are more than two branches (figure 21B).  
 
 
 
Figure 21: Bootstrapping values 
(A)Values indicate the support for each node, with well-supported nodes having values 
greater than 70. (B) Tree with unsupported nodes collapsed.  
 
Based on this assessment it appears that C. middlesexensis evolves into C. 
septenarius, C. madisonius, and C. jeffersonius. This evolutionary sequence of 
Chesapecten differs from the stratigraphic sequence (figure 22), which places C. 
jeffersonius as a direct descendent of C. middlesexensis and an ancestor to both C. 
madisonius and C. septenarius. C. santamaria is also out of stratigraphic order in this 
phylogeny; it occurs between C. coccymelus and C. nefrens instead of C. nefrens and C. 
littlecovepointensis. These differences are highlighted by the comparison of branching 
A 
B 
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order in the phylogeny to the branching order that would be expected if the phylogeny 
followed the stratigraphic sequence (figure 21). 
 
 
Figure 21: Expected phylogeny based on stratigraphy  
Species arranged in the expected phylogenetic sequence given the known stratigraphic 
sequence and accepted anagenetic pattern of evolution of Chesapecten. This sequence is 
different from the phylogeny produced by a parsimonious analysis of discrete and 
continuous characters.  
 
 
Figure 22: Branching orders in evolutionary vs. stratigraphic sequences 
If the branching orders for both sequences were the same, this plot would be linear with a 
constant slope of 1. Since it is not linear and the slope changes, there are major 
differences between the two sequences.  
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Differences between the phylogeny and stratigraphic sequence could be the result 
of ecophenotypic variation in the genus, which suggests that the evolution of 
Chesapecten could be more complicated than the widely accepted anagenetic sequence in 
which each species gradually evolves into the next over time. There are several 
morphological traits, such as size and byssal notch, that change in a manner that can be 
explained by changes in environmental conditions. This could result in convergence of 
characters, in which the same trait evolved independently in two different species. It is 
also possible that there are gaps in the stratigraphic record and species ranges actually 
cross, as opposed to ending at, stratigraphic contacts. For example, the only species found 
in the Sunken Meadow Member of the Yorktown Formation is C. jeffersonius. This 
creates a missing evolutionary link because if, as suggested by the evolutionary sequence, 
C. madisonius, C. septenarius, and C. jeffersonius are derived from a common ancestor, 
the stratigraphic range of that ancestor should be connected to the stratigraphic ranges of 
all three of its descendents, which suggests that there should be some intermediate 
species occurring in the Sunken Meadow Member along with C. jeffersonius.  
 
Discussion 
 As indicated by the results, the morphology and phylogeny of Chesapecten is 
quite complicated, but a better understanding of the evolutionary and morphological 
patterns of the genus can be derived from combining the three components of this study, 
as the results from each can inform the others.  
 The results of research question one, which identified morphological shape as an 
insufficient trait for the differentiation of C. middlesexensis and C. jeffersonius, can be 
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corroborated with the results of question two, the analysis of morphological change 
through time, which shows no significant difference between these two species based on 
shape. However, all of the other morphological characters analyzed do show significant 
differences between the two species, which suggests that perhaps features such as byssal 
notch length, overall size and rib count are suitable traits to differentiate C. 
middlesexensis from C. jeffersonius. Additionally, the results of question three, the 
phylogeny, which defines species based on the phylogenetic species concept, confidently 
defines C. middlesexensis and C. jeffersonius as separate species. Given the significant 
differences highlighted by two different species concepts, it is reasonable to conclude that 
C. middlesexensis and C. jeffersonius are distinctly different species.  
 This conclusion, however, does not reconcile the difficulty in identifying field 
specimens of the two species that occurs even when using characters that show clear 
differences between museum specimens. An explanation for the high variability within 
samples of the field specimens could be that some samples actually contain more than 
one species or hybrids of the two species. This would suggest that the stratigraphic ranges 
of species do not fall neatly within the boundaries of sedimentary units. For example, it is 
possible samples from the Sunken Meadow Member contained an intermediate between 
C. middlesexensis and C. septenarius and C. madisonius. In fact, this should be expected 
if the phylogenetic results linking these three species to a common ancestor are correct. If 
this is the case, and there are intermediates in the Sunken Meadow Member, this could 
both explain the high variability within field samples as well as solve part of the 
evolutionary and stratigraphic sequence discrepancy that was created from the 
phylogenetic results.  
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 The answers to research questions two and three, which assess morphology 
though time and phylogenetic relationships, are inherently linked because they involve 
the same set of data. Traits that over time evolve in specific patterns can provide insight 
into the evolutionary mechanisms affecting the genus.  For example, the fact that the 
length of the byssal notch decreases through time reflects an evolutionary adaptation to a 
free-swimming lifestyle, a behavior that is likely a response to predation since swimming 
is a method of escaping danger. Perhaps this trait represents the predator-prey 
relationship between scallops and their primary predators, sea stars and gastropods. If the 
predators in its environment evolved to counter previous defense mechanisms, 
Chesapecten could have responded by adopting a free-swimming lifestyle. An 
understanding of the reasons for the evolution of Chesapecten can be obtained from 
analyzing how morphology changes through time. This can inform the phylogenetic 
analysis especially in figuring out what is responsible for the difference between the 
expected stratigraphic sequence and the resulting evolutionary sequence.  
 Another interesting result from these analyses is the general uniqueness of C. 
jeffersonius. The high branch length and large number of autapomorphies, as determined 
by the phylogeny, indicate that there are a lot of character states that occur only in 
specimens of C. jeffersonius. This species is also often an outlier in the morphology 
through time results, that is, for many traits (byssal notch length, size, and rib number), 
C. jeffersonius exhibits a character state that is significantly different from the character 
states exhibited by most of the other species. With such distinct traits, it is possible that 
C. jeffersonius lived during an atypical environment, one with an abundant nutrient 
supply but also a large population of well-adapted predators (as evidenced by its 
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extremely large overall size and extremely small byssal notch). Other species have 
similar traits, for example C. middlesexensis, C. madisonius, and C. septenarius also have 
small byssal notches, suggesting some similarity between environmental conditions, but 
the average length for C. jeffersonius is still more extreme.  
 Although the analyses agree about many aspects of Chesapecten morphology and 
evolution, there are also points at which there is some disagreement. For example, the 
principal components analysis suggests possible gradual change over time in principal 
component 1. This conclusion can also to some extent be drawn from some of the 
character analyses of morphological change through time. However, the phylogeny does 
not indicate that species are evolving gradually, although it does not definitively suggest 
that they are not.  
 Overall the three components of this study create a unified understanding of 
Chesapecten such that almost all species can be considered distinct species, as defined by 
both the morphological and phylogenetic species concept. Additionally, changes in 
morphology throughout time as well as the evolutionary sequence are complicated. This 
complication is likely the results of ecophenotypic variation or gaps in the fossil record. 
However, through a holistic examination of Chesapecten morphology and phylogeny, it 
is possible to begin to piece together an explanation of how this genus is evolving, an 
answer that is intricately linked with understanding how differences in morphological 
characters change between species and how these changes serve to inform species 
definitions.  
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Future Work 
 Further work is needed to test the extent to which environmental conditions 
influenced the change in Chesapecten morphology over time as well as the extent to 
which gaps in the fossil or stratigraphic records affect the preservation of these changes. 
This should be examined at known time intervals and by analyzing samples of sediment 
and Chesapecten that are found in the same unit and at the same locality and comparing 
morphological signals for environmental change with sedimentological evidence of 
actual changes. This is necessary in order to confidently generate a phylogeny for the 
genus.  
Additional future work should relate the evolutionary sequence of Chesapecten to 
individual ontogeny. The sequence likely paramorphic, but further observation is 
necessary to fully test this hypothesis. This would involve establishing growth rates by 
microsampling growth lines and using delta 18O ratios to determine seasonality.  
Finally, the discrete and continuous characters examined in this study, especially 
those such as byssal notch and rib number that may be important for field identification 
of C. middlesexensis and C. jeffersonius, should be measured on field specimens in order 
to quantify the differences between these two species. This will provide a better system 
for field identification and a better understanding of how these traits change over 
stratigraphic time.  
 
Conclusions 
 This study involved both a quantitative assessment of the between-species 
relationships of morphological traits and the construction of a phylogeny to identify 
evolutionary relationships in the genus Chesapecten. The morphological analysis 
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demonstrated that there is at least as much variation within species and samples as there 
is between groups, which means that C. middlesexensis and C. jeffersonius cannot be 
distinguished based on landmarks describing morphological shape. However, with a 
character analysis, almost all species can be differentiated from the others based on a 
combination of traits. For example, C. middlesexensis can probably be distinguished from 
C. jeffersonius based on rib count, but this character does not provide as good of a 
distinction from C. madisonius. Results of the phylogeny indicate that evolutionary 
relationships might be different than the anagenetic sequence that is widely accepted 
based on stratigraphy. This raises the possibility that ecophenotypic variation plays a 
significant role in the evolution of Chesapecten, and additionally suggests that the fossil 
record might be incomplete.  
There are, however, still uncertainties about the evolutionary sequence of 
Chesapecten and how this sequence is affected by ecological conditions, so further 
examination of the relationship between morphology and environment is needed to 
develop a complete understanding of the evolution of Chesapecten. However, results of 
this study are significant as it is one of the first quantitative analyses of many of the 
commonly accepted features of the genus. Because of this, these findings will add to the 
scientific knowledge base for the fields of paleontology and evolutionary biology. 
Furthermore, this study lays the foundation for understanding the effects of ecological 
conditions on shell morphology as well as the preservation potential of that morphology, 
which are both important to the general understanding of the paleoenvironment of the 
mid-Atlantic Miocene and Pliocene Coastal Plain.  
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Appendices 
Appendix A: Stratigraphic section of cliff sampled at Cobham Wharf 
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Appendix B: Morphological and phylogenetic characters 
 
Measurements 
1. Maximum height (mm) – from hinge to commisure, greatest distance 
perpendicular to hinge 
2. Maximum length (mm) – greatest distance anterior to posterior that is parallel to 
hinge 
3. Height/length – ratio to measure overall shape 
4. Geometric mean – to measure overall size = (h*l)1/2 
5. Total number of ribs 
6. Width of center rib at commisure (mm) 
7. Width of center interspace at commisure (mm) 
8. Height of center rib at commisure (mm) – measured from bottom of interspace to 
top of rib 
9. Anterior auricle length (mm) – from umbo to anterior-most extent of outer 
ligament 
10. Posterior auricle length (mm) – from umbo to posterior-most extent of outer 
ligament 
11. Total auricle length (mm) – anterior-most extent to posterior-most extent of outer 
ligament 
12. Anterior auricle length/total auricle length – ratio to standardize anterior auricle 
length for size 
13. Posterior auricle length/total auricle length – ratio to standardize posterior auricle 
length for size 
14. Total auricle length/total length – ratio to standardize total auricle length for size 
15. Length of byssal notch (mm) – measured from extent of anterior auricle to point 
at which auricle meets the rest of the shell 
16. Length of byssal notch/length of anterior auricle – ratio to standardize byssal 
notch length for size 
17. Resilium height (mm) – measured from umbo to ventral-most point of resilium 
perpendicular to hinge line 
18. Resilium length (mm) – measured at ventral most edge, from anterior to posterior 
extents 
19. Resilium height/resilium length – ratio to standardize for size 
20. Resilium height/total height – ratio to standardize for size 
 
Discrete characters 
21. Ratio of maximum height/length 
0 = longer than high (ratio <1) 
1 = equal length and height (ratio=1) 
2 = higher than long (ratio>1) 
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22. Auricle length comparison 
0 = posterior and anterior auricles equal 
1 = posterior auricle longer 
2 = anterior auricle longer 
 
23. Ratio of resilium height/length 
0 = longer than high (ratio <1) 
1 = equal length and height (ratio=1) 
2 = higher than long (ratio>1) 
 
24. Comparison of rib and interspace widths at commisure 
0 = widths are equal 
1 = interspaces are wider 
2 = ribs are wider 
 
25. Degree of fanning 
0 = slight 
1 = intermediate 
2 = significant 
 
26. Thickness of shell 
0 = thin 
1 = intermediate 
2 = thick 
 
27. Overall convexity of shell 
0 = mostly flat 
1 = point of convexity lies primarily at umbo 
2 = point of convexity lies primarily at the center of the shell 
 
28. Rib cross-sectional shape 
0 = rounded 
1 = intermediate 
2 = square 
 
29. Interspace cross-sectional shape 
0 = rounded 
1 = intermediate 
2 = square 
 
30. Prominence of ribbing across shell (how tall are the ribs) 
0 = ribs flat 
1 = intermediate 
2 = ribs significantly raised 
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31. Byssal fasciole 
0 = not broad 
1 = intermediate 
2 = broad 
 
 
32. Cardinal crura 
0 = absent 
1 = reduced 
2 = present 
 
33. Auricular denticles 
0 = absent 
1 = weakly present 
2 = present 
 
34. Ctenolium 
0 = absent 
1 = reduced 
2 = present 
 
35. Trace of outer ligament 
0 = narrow 
1 = intermediate 
2 = broad 
 
36. Hinge teeth 
0 = absent 
1 = weakly present 
2 = present 
 
37. Pallial line insertion 
0 = weakly expressed 
1 = moderately expressed 
2 = significantly expressed 
 
38. Ornamentation appearance 
0 = smooth 
1 = intermediate 
2 = scaly 
 
39. Scales 
0 = none/unidentifiable 
1 = fine scaled close together 
2 = coarse scales far apart 
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Appendix C: Character data 
Asterisk indicates type locality for each species. The type locality for C. jeffersonius and 
C. septenarius, Yorktown, VA was not available for sampling. The type locality for C. 
madisonius is unknown.     
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Appendix D: List of synapomorphies and autapomorphies 
C. coccymelus has no autapomorphies because it is the outgroup. The nudes to which 
synapomorphies correspond are depicted in the image of the phylogenetic tree.  
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Appendix E: Landmark data 
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